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Physiology
Because a delivered work load can be accurately calibrated and the physiologic response easily mea-sured, dynamic exercise is better than other types of stress for clinical testing. Using progressive work loads of dynamic exercise, patients with coronary artery disease can be protected from rapidly increasing myocardial oxygen demand. Bicycling is a dynamic exercise, but a treadmill is most often used because almost all persons are familiar with walking.
Two basic principles of exercise physiology must be understood. The first is a physiologic principle: total body oxygen consumption and myocardial oxygen consumption are distinct in their determinants and in the way they are measured or estimated. Total body or ventilatory oxygen consumption (V02) is the amount of oxygen extracted from inspired air as the body performs work. Accurate measurement of VO2 requires gas analysis equipment, but it can be estimated from work performed because there is relatively little variation in the oxygen cost of a given work load. V02 is equal to maximal cardiac output times maximal arteriovenous oxygen difference (A-VO2). The maximal A-VO2 during exercise has a physiologic limit that cannot be exceeded; hence, if effort is maximal, maximal oxygen consumption is a noninvasive way of estimating maximal cardiac output. Total body oxygen consumption is best estimated by the aerobic work load performed rather than by total exercise time; that is, VO2 -external work performed (and cardiac output X A-V02).
Myocardial oxygen consumption is best estimated by the product of heart rate times systolic blood pressure. Its determinants include intramyocardial wall tension, left ventricular pressure, contractility and heart rate. Angina usually occurs at the same systolic blood pressure-heart rate product rather than the same external work load performed by the body; that is, myocardial oxygen consumption heart rate X systolic blood pressure (and wall tension, contractility and heart rate).
The second principle is pathophysiologic: aerobic capacity, systolic blood pressure and heart rate response to exercise correlate well with left ventricular function, whereas the electrocardiographic response and angina correlate well with ischemia and coronary artery occlusion. However, ischemia usually leads to ventricular dysfunction that can limit aerobic capacity, systolic blood pressure and heart rate during exercise. It appears that the ventricles of some patients have more reserve and can still maintain normal hemodynamics during exercise despite significant coronary heart disease. Such patients have a good prognosis whether treated surgically or medically. The resting ECG can also be helpful in identifying subsets of patients; the normal ECG is almost certainly associated with a normal resting ejection fraction, which is associated with a good prognosis despite the coronary pathologic abnormality.'
Applications
The applications of exercise testing, assuming a diagnosis is already made, include prognostication, even soon after myocardial infarction; evaluation of the severity of disease; quantification of functional capacity; and evaluation of the need for or response to therapy.
Methods
The patient should be instructed not to eat for 2-3 hours before the test and to dress for exercising. A brief medical history should be obtained, a physical examination should be carried out to rule out contraindications to testing, and specific questions should be asked to determine if any drugs are being taken or if there is a possibility of an electrolyte abnormality. Before performing the exercise test, it is important to obtain a 12-lead ECG, particularly in patients with known heart disease, because an abnormality may prohibit testing. The testing procedure should be explained carefully. The patient should be instructed on how to perform the exercise test and the test should be demonstrated.
The skin must be properly prepared, even though it may cause the patient some discomfort or minor skin irritation, so that the ECG can be continuously monitored and accurately interpreted. Computer-averaging techniques should not be relied on to handle noise because they can cause distortion.2 When using the torso-mounted lead system, the conventional ankle and wrist electrodes are replaced by electrodes mounted on the torso at the base of the limbs. The advantage of this system is that a reasonable facsimile of the standard 12-lead ECG can be obtained if the limb electrodes are kept as far as possible from the heart.
Although the number of leads required during an exercise test has not been determined, it seems advisable to record as many as practical.3 In patients who have a normal resting ECG, a precordial V5 or a bipolar lead along the long axis of the heart is probably all that is necessary. In patients with dyskinetic areas, a myocardial infarction or a history suggestive of spasm, additional leads over the affected area are especially helpful. Maximal exercise testing is preferred to submaximal testing except when the latter is safer. Maximal effort increases sensitivity and is required for estimating or measuring maximal oxygen consumption. Most problems can be avoided by having a physician standing next to the patient, monitoring blood pressure periodically, assessing skin temperature and talking to the patient during the test. The technician should operate the equipment, obtain the appropriate tracings, enter data on a form and alert the physician to any abnormalities that he or she might miss on the monitor scope.
Absolute and relative indications for termination of an exercise test have been derived from clinical experience. Absolute indications are clear-cut, whereas relative indications can sometimes be disregarded if good clinical judgment is used. Absolute indications include a decrease in systolic blood pressure despite an increase in work load, anginal pain becoming worse than usual, central nervous system symptoms, signs of poor perfusion (including pallor, cyanosis and cold skin), serious dysrhythmias, technical problems with monitoring the patient, patient's request and marked electrocardiographic changes including more than 0.3 mV of horizontal or downsloping ST-segment depression and 0.2 mV of ST-segment elevation. Relative indications for termination include other worrisome ST or QRS changes such as excessive junctional depression, increasing chest pain, fatigue, shortness of breath or wheezing, leg cramps or intermittent claudication, negative changes in physical appearance, hypertensive response (systolic pressure greater than 280 mm Hg, diastolic greater than 115 mm Hg) and less serious dysrhythmias, including supraventricular tachycardias. In some patients with a potential for arrhythmias based on their clinical history, it may be appropriate to stop at a submaximal level because the most severe ST-segment depression and/or dysrhythmia can occur only after exercise. If more information is required, the test can be repeated later and the patient exercised maximally.
Patients should be discouraged from grasping the rails because this decreases the amount of work expended, increases exercise time and causes muscle artifacts on the ECG. It is helpful to have the patient close his fists and use only one extended finger to touch the rail to maintain balance while walking.
Blood pressure should be measured at least at the middle portion of each exercise stage and when chest pain occurs. Standard blood pressure-measuring equipment is preferable to automated blood pressure devices.
Electrocardiographic monitoring should continue for 6-8 minutes after exercise or until changes have stabilized. An abnormal response in the recovery period only is not unusual. Having the patient walk slowly for a few minutes after the test can delay the time when ST-segment depression occurs, or may eliminate it. Therefore, for diagnostic purposes, the patient should stop walking immediately after completing the test, stand still for about 10 seconds while electrocardiographic data are gathered at near-maximal heart rate, and then lie down.
Most clinical treadmill protocols are continuous and progressive; i.e., they are uninterrupted and the work load is increased in stages. When compared with other protocols, a modified Balke-Ware protocol has many advantages.6 It consists of a constant walking speed (2.0-3.3 mph), with 2-5% increases in grade every 2-3 minutes. A constant treadmill speed requires only an initial adaptation in stride and produces fewer electrocardiographic and blood pressure artifacts. It provides suitable work loads by increasing the speed in even increments. It is advisable to individualize any exercise protocol for the patient being tested. Performance should be estimated in oxygen cost (ml 02/kg/min or mets, which are multiples of basal oxygen consumption) of the maximal work load achieved rather than in total treadmill time.
Interpretation
When interpreting exercise test results for diagnostic purposes, it is important to understand the predictive model and Bayesian analysis. Sensitivity is the percentage of patients with coronary artery disease who have an abnormal test, and specificity is the percentage of persons without coronary artery disease who have normal exercise tests. The predictive value of an abnormal response is the percentage of abnormal responders who have coronary artery disease. Most studies have found that abnormal ST-segment depression has a sensitivity of 60-70% and a specificity of 90%. Sensitivity is greatest in patients with multivessel disease and least in patients with one-vessel disease. Specificity is decreased in women and in patients with mitral valve prolapse, those with hyperventilation-induced ST changes and vasoregulatory abnormalities and those with nonspecific depression of the ST and T waves while at rest. The exercise test has its greatest diagnostic value in patients with atypical angina or multiple types of chest pain.
Objective Results
Maximal oxygen consumption estimated from the maximal treadmill work load is clinically valuable. Patients with a low exercise capacity have a poor prognosis and usually a poorly functioning left ventricle.6 Maximal oxygen consumption is directly related to treadmill exercise time if a set progressive protocol is used. However, for assessing oxygen consumption, exercise duration is best limited to 10 minutes or less if the effect of endurance is to be avoided. It is ideal to collect expired air for measuring aerobic capacity, but this is expensive and time consuming. It is therefore best to adjust the protocol for each patient, keep treadmill time to 10 minutes or less and estimate the oxygen cost of the last work load performed. Even if the same protocol is followed for sequential testing of a patient, a problem can arise in looking for changes in aerobic capacity. Patients learn to perform treadmill walking more efficiently and can exercise longer and at higher work loads without a change in aerobic capacity. 7 "Chronotropic incompetence" has been defined as a heart rate response to treadmill testing below the 95% confidence limits for age and sex. If patients taking fblocker therapy, aerobically trained persons or those with the sick sinus syndrome are excluded, many of the patients have poor ventricular function and multivessel disease.
An adequate rise in systolic blood pressure can be due to aortic outflow obstruction or left ventricular dysfunction. Serious coronary artery disease is usually found in all patients in whom hypotension and angina develop during exercise testing. When this occurs, additional complications during testing are more likely.
On the surface ECG, exercise-induced myocardial ischemia can result in one of three ST-segment manifestations: ST-segment elevation, normalization or no change, or ST-segment depression. ST-segment elevation appears to be an insensitive but highly specific indicator of severe coronary artery occlusion.8 ST elevation locates the lesion by occurring over it, whereas ST depression appears to be a global phenomenon. When ST elevation occurs over Q waves, it usually indicates a wall motion abnormality and total coronary occlusion; ST-segment depression in another area means ischemia. When ST-segment elevation occurs in a patient with a normal ECG, it means a highgrade lesion or spasm, whereas accompanying STsegment depression is reciprocal.
The frequency with which cancellation forces result in normalization or no ST-segment changes in the surface ECG during exercise-induced ischemia is unknown. One patient was reported in whom minor ST-segment depression normalized during treadmill testing, but an acute myocardial infarction occurred shortly after the test. 9 The classic criterion for abnormal ST-segment depression has been 0.1 mV or more of horizontal or downward-sloping ST-segment depression. The probability and severity of coronary artery disease are directly related to the amount of J-junctional depression and inversely related to the slope of the ST segment. It is preferable to call "borderline" tests with a slowly unsloping ST segment but with depression and to place added emphasis on other responses and on the pretest probability of disease.
Premature ventricular depolarizations occur in approximately one-third of the asymptomatic men who perform a maximal treadmill test, and the prevalence is directly related to age. These dysrhythmias frequently occur at maximal exercise and often are not reproducible on repeat testing. Patients with coronary heart disease usually have a higher prevalence of severe dysrhythmias that usually occur at lower heart rates than in healthy subjects. Dysrhythmias sup- [11] [12] [13] [14] [15] [16] [17] pressed by exercise do not rule out the presence of coronary disease.
Inverted U waves are an insensitive but specific indicator of severe coronary disease."0 R-wave changes do not appear to have independent diagnostic power, although the normal response is a decline in amplitude at maximal exercise."
Subjective Results
Careful observation of the patient's appearance is necessary for the safe performance of an exercise test and is helpful in clinical assessment. It is usually easy to identify patients who exaggerate their limitations or symptoms, those unwilling to cooperate and those with inadequate cardiac output. Findings on physical examination can be helpful, but their sensitivity and specificity have not been demonstrated. Gallop sounds, a mitral regurgitant murmur or a precordial bulge could be due to left ventricular dysfunction, but these findings might not always be secondary to coronary disease.
Ischemic chest pain induced by the exercise test predicts the presence of coronary artery disease, as do ST-segment shifts; when both occur, predictive power increases. Although atypical chest pain is not diagnostically helpful, classic ischemic chest pain can have a marked diagnostic impact.
Prediction of Left Main or Three-vessel Coronary Artery Disease
Weiner et al.'2 studied 436 consecutive patients referred for suspected or known coronary artery disease who were able to undergo both exercise testing and coronary angiography. All patients underwent treadmill testing using the Bruce protocol, and 12-lead ECGs were obtained during exercise. A lesion of the left main coronary artery was considered significant if it was greater than 50%; in other vessels, a lesion greater than 70% was considered significant. Fifty-five patients were excluded because of left ventricular hypertrophy, digoxin therapy, left bundle branch block or attainment of less than 85% of maximal predicted heart rate; two of these 55 had left main coronary artery disease and four had three-vessel disease. Four groups of patients were defined by their angiographic findings: 35 with left main coronary artery disease, 89 with three-vessel disease without left main coronary artery disease, 188 patients with either oneor two-vessel disease and 124 patients with no significant coronary disease. Of the 35 patients with left main coronary artery disease, most had other diseased coronary arteries; nearly half had three-vessel disease. Exercise test responses considered in this study included the amount of ST-segment depression, its configuration, onset and duration, and the number of leads in which it occurred. Hemodynamic responses included treadmill time, systolic blood pressure and maximal heart rate. Other factors included occurrence of angina, premature ventricular depolarizations and an abnormal R-wave response in lead V5. Ninety-seven percent of patients with left main coronary artery disease had at least 0.1 mV and 91% had > 0.2 mV of ST-segment depression. As a group, patients with left main coronary artery disease were distinguished from patients with three-vessel disease by an early onset and longer persistence of the STsegment depression, as well as by a greater number of leads in which the depression occurred. Systolic blood pressure decreased in 23% of the patients with left main coronary artery disease, compared with 17% of those with three-vessel disease and 6% of those with oneor two-vessel disease. As an indicator of either left main coronary artery or three-vessel disease, this variable had a predictive value of 66% and a sensitivity of 19%. ST-segment depression of at least 0.3 mV occurred in 44% of such patients; this criterion had only a slightly lower predictive value (64%). Combined analysis of test variables disclosed that development of . 0.2 mV of ST-segment depression with downward sloping beginning in stage I of exercise, persisting for at least 6 minutes into recovery and involving at least five electrocardiographic leads had the greatest sensitivity (74%) and predictive value (32%) for left main coronary artery disease. This abnormal pattern identified either left main coronary artery or three-vessel disease with a sensitivity of 49% and a predictive value of 74%.
Individual clinical or exercise test responses do not seem to detect left main coronary artery disease, owing to their low sensitivity or predictive value. However, a combination of the amount, pattern and duration of the ST-segment response was highly predictive and reasonably sensitive for left main or three-vessel coronary artery disease. It is still questionable how to identify those patients with abnormal resting ejection fractions, a group whose longevity can be improved by coronary artery bypass surgery. Perhaps those with a normal resting ECG will not need surgery to improve their prognosis because of the high probability that they have good ventricular function.
Bruce et al. ' 3 demonstrated noninvasive screening criteria for patients who would have improved 4-year survival rates after coronary artery bypass surgery. Their data were obtained in 2000 men with coronary heart disease enrolled in the Seattle Heart Watch who had a symptom-limited maximal treadmill test and received the usual cardiac care. Sixteen percent had coronary artery bypass surgery in a nonrandomized study of the relationship of treadmill test results and clinical findings to surgical and medical outcome. The diagnosis of coronary heart disease was based on a history of angina, myocardial infarction or cardiac arrest. Cardiomegaly was determined by physical examinations and chest roentgenograms. The patients were divided into three groups. One group (group 2) had only myocardial ischemia manifested by exercise test-induced normal ST elevation or depression or angina. The second group (group 3) might have had myocardial ischemia but had to have left ventricular dysfunction manifested by at least two of the following: cardiomegaly, exercise capacity less than 4 mets and maximal systolic blood pressure less than 130 mm Hg. A third group (group 1) had none of these abnormalities. Comparisons were then made within each CI RCULATION group between the patients treated surgically and those treated medically; surprisingly little difference was found. However, life-table analysis showed a significantly higher survival rate (94% after at least 4 years) among the surgically treated patients than amon'g the medically treated patients in the group with left ventricular dysfunction (68%). Annual morbidity and mortality rates for each group are shown in table 1. If the procedural death rate of 4.6% in those with ischemia only was reduced, perhaps the patients who were treated surgically in that group would have had a significantly improved survival rate as well. This was the case in the European randomized trial of coronary artery bypass'surgery.
Early Exercise Testing After Myocardial Infarction
Recent studies have demonstrated the prognostic value of exercise testing in the first 2 months after myocardial infarction. The following four studies suggest that a high-risk group of patients can be identified that should have coronary angiography and be considered for coronary artery bypass surgery after myocardial infarction.
Sami et al.14 studied the prognostic value of treadmill testing in 200 men who were tested serially 3-52 weeks after infarction. There were approximately five tests per patient, and the patients had a mean age of 53 years. None of these patients had congestive heart failure or angina, and they were a relatively low risk group; only 2% died during the 2 years of follow-up. The Naughton protocol was used, and 12-lead ECGs were obtained during testing. At 3 weeks, all of those who subsequently had an episode requiring cardiopulmonary resuscitation and 60% of those who required coronary artery bypass surgery had 0.2 mV of ST-segment depression during treadmill testing. Only 35% of those without an event had a similar amount of ST-segment depression. At 5 weeks and beyond, recurrent ventricular ectopy during'serial treadmill testing occurred in 90% of those who had had a recurrent myocardial infarction and in only 47% of those who had not had a cardiac episode. Exercise-induced ventricular ectopy or ischemic ST-segment depression 11 weeks after an infarction identified patients with an in- creased risk of a subsequent coronary event, whereas the absence of either identified a group of patients with an excellent prognosis.
Theroux et al. 15 at the Montreal Heart Institute studied the prognostic value of a limited treadmill test performed 1 day before hospital discharge after a myocardial infarction in 210 consecutive patients. These patients who did not have congestive heart failure and were free of chest pain were examined periodically for end points of heart disease for 1 year. The test was ended at 5 mets or at 70% maximal heart rate. CM6 was the only lead monitored and a Naughton protocol was followed. Sixty-five percent (28 of 43 patients) who had angina during the treadmill test also had angina later, compared with 36% of those who did not have angina during the test. In patients who had a normal electrocardiographic response to exercise testing, 2% died and sudden death occurred in 0.7%, whereas in those with ST-segment depression, there was a 27% mortality (17 of 64 patients) and a sudden death rate of 16%.
Smith et al."6 performed treadmill tests on 62 patients 18 days after admission to the hospital for acute myocardial infarction. The test was carried out to 60% maximal heart rate and leads V,-V6 were monitored.
The patients were followed for 2 years. Six of 20 patients (30%) who had ST-segment depression either died or had another myocardial infarction after discharge from the hospital. This is in contrast to the occurrence of death or reinfarction in only two of the 42 patients (5%) who did not have ST-segment depression during exercise.
Davidson and DeBusk'7 reported results of treadmill testing in 195 men tested 3 weeks after an acute myocardial infarction. Multiple logistic analysis showed ST-segment depression . 0.2 mV, angina and a work capacity of less than 4 mets to be risk markers. These patients were followed for a median of 2 years and had a 19% cardiac event rate; however, more than half of these events were coronary artery bypass surgery. The exercise test results clearly could have biased the management of these patients toward performance of angiography and surgery.
The differences found in the risk prediction studies after infarction are mainly due to patient selection and the populations tested. My assessment is that ventricular ectopy, angina, ST-segment depression or elevation and a poor functional capacity all identify a high-risk group. Weld et al."8 demonstrated that these variables -are more powerful risk predictors than the standard clinical predictors.
Complications
The major complications of exercise testing are ventricular fibrillation, acute myocardial infarction and sudden death. Most complications of exercise testing can be avoided by having an experienced physician, who knows the contraindications and end points, evaluate the patient and monitor the test. Capabilities for prompt and effective cardiopulmonary resuscitation'must be available. The test has remarkable safety if well-defined guidelines are followed."' 1I-19 
